abbreviations: Al, aluminum; ARD, average root diameter; CIAT, Centro Internacional de Agricultura Tropical; QTL, quantitative trait loci; RB, root biomass; RER, root elongation rate; TRL, total root length; SRL, specific root length. abstract Aluminum (Al) toxicity is the principal abiotic constraint in acid soils of the tropics. Common bean, meanwhile, is for the most part very sensitive to this stress although certain genotypes within the species show some level of resistance, justifying screening of germplasm from both the Andean and Mesoamerican genepools to identify better performing sources. The objective of this study was to evaluate 36 genotypes of common bean under hydroponic conditions to identify root morphological traits that could be associated with Al resistance. A total of five root traits (elongation rate of the primary root, total root length, root biomass, average root diameter and specific root length) were measured using a simple nutrient solution with or without Al (20 µM) over a 48 hour growth period with the experiments conducted in five replicates. We found that genotypes from the Andean gene pool were more resistant to Al than Mesoamerican genotypes under these conditions, based on a smaller decrease in the elongation rate of the primary root, total root length, specific root length and a lesser increase in root diameter in the presence of Al in nutrient solution. These root traits but not root biomass can serve as selection criteria to distinguish between Al-resistant and Al-sensitive genotypes.
introDUction
Common bean (Phaseolus vulgaris L.) is an important dietary legume for more than 300 million people around the world, especially in developing countries with total production exceeding 23 million metric tons, seven million of which are produced in Latin America and Africa (Broughton et al., 2003) . In addition, common bean is the second most important source of dietary protein in eastern and southern Africa, and the fourth in tropical America, where it is also the third most important source of calories after maize and cassava (Wortman et al., 1998; Rao, 2001) . In both Africa and the Andean Region of Latin America, consumers prefer the large grains of Andean beans while in Central America and Brazil they mostly prefer the small grains originating from Mesoamerica (Broughton et al., 2003) . Common bean in Latin America and Africa are produced mainly on small farms and often on hillsides characterized by low fertility soils, where nearly 40% of production areas are affected by soil acidity and aluminum (Al) toxicity, resulting in a 30 to 60% reduction in production (Wortman et al., 1998; Thung and Rao, 1999; Broughton et al., 2003) .
The problems of acid soils and Al toxicity are widespread (Rao et al., 1993) . In North America, 35% of acid soils are formed by Podzols/Spodosols, whereas, in South America, Ultisols and Oxisols contribute 57% (von-Uexküll and Mutert, 1995) . The use of amendments such as lime has enabled bean production in different regions such as the Brazilian cerrados where Al toxicity is widespread and problematic in unlimed soils and below the tillage zone. Subsoil acidity and Al toxicity limits root growth and increases the risk of drought under rainfed conditions. It also increases the accumulation of toxic ions and decreases nutrient availability (Rao, 2001 ).
Mechanisms of Al resistance have been studied in several species. For example, while susceptible maize plants rapidly inhibit root elongation in specific regions of the root system when exposed to Al, the roots of resistant genotypes continue to grow (Kochian, 1995; Llugany et al., 1995; Zheng and Yang, 2005) . Lee and Foy (1986) identified a relationship between resistance to Al toxicity and organic acid synthesis in common beans when they observed increased concentrations of organic acids in root extracts of two bean genotypes when exposed to Al. Miyasaka et al. (1991) later demonstrated that a resistant genotype exuded eight times as much citrate as a susceptible genotype during prolonged exposure.
In physiological terms, Al can be observed in root apices, especially in the transition zone, lying 1 to 2 mm behind the root tip. This area, known as the elongation zone, is highly sensitive to toxicity (Ryan et al., 1993; Sivaguru and Horst, 1998; Kollmeier et al., 2000) . In common bean, Al applied to this zone inhibits root growth (Rangel et al., 2007) . Symptoms of Al toxicity in beans include the production of shortened roots with the presence of thickened, but fragile roots that undergo browning (Mossor-Pietraszewska, 2001 ). Beans differ from cereals by being quiescent when Al treatment begins and later expressing tolerance components (Cumming et al., 1992; Rangel et al., 2007) . That is, beans demonstrate a type II response pattern to Al treatment (Ma et al., 2001) , which is characterized by a delay of several hours before organic acids, particularly citric acid, are exuded (Mugai et al., 2000; Shen et al., 2002a Shen et al., , 2002b Shen et al., , 2004 Stass et al., 2007) . Recently, Rangel et al. (2009) demonstrated that apoplastic Al induces the inhibition of root elongation and that recovery from the stress caused by this element is controlled by reducing Al in the apoplast, thus permitting renewed elongation and cell division.
Although Al toxicity can be managed agronomically, improving genetic resistance to its effects is a less costly complementary approach, especially for low-fertility agricultural systems (Rao, 2001) . Some accessions of common beans and P. coccineus L. have demonstrated resistance to Al, but the genotypes evaluated have always been limited in number and usually drawn from the smallgrain Mesoamerican gene pool rather than from the largegrain Andean genepool. Hence, this study aims to identify Al resistance in common bean genotypes that are mostly from the Andean gene pool based on a high throughput phenotypic screening system.
Materials anD MethoDs
plant materials: A total of 36 common bean genotypes representing potential parental materials being evaluated at CIAT for their resistance to abiotic stress factors and diseases, grain quality (micronutrient contents), productivity, and/or production components, and that are genetic stocks for quantitative trait locus (QTL) studies were analyzed. The 36 common bean genotypes included 11 landraces, 11 commercial varieties, and 14 improved lines. Furthermore, 25 belonged to the Andean genepool and 11 to the Mesoamerican genepool (Table 1) .
greenhouse trial: The experiment was carried out in the greenhouse at CIAT headquarters in Cali, Colombia in MarchApril 2006, under the following conditions: relative humidity at 48-96%, temperatures at 19-36°C, and a maximum photon flux density during the day of 1100 µmol m -2 s -1 . Uniform seedlings of similar size per genotype were selected through a preliminary evaluation of the percentage and synchronization of germination. Thus, for each genotype, 20 seeds of uniform size were chosen, placed in peat (pH 5.5), ensuring that the micropyle was oriented downwards so that the radicle would emerge vertically downwards and left for three days to germinate. From this preliminary test, we determined that, for genotypes with a high percentage and/ or effective synchronization of germination, 30 seeds had to be placed in peat. In contrast, for genotypes with a low percentage of germination and/or little synchronization, 45 seeds had to be placed in peat. After the initial testing, we selected 10 seedlings per genotype with similar root lengths for a total population size of 360 individuals for the entire experiment. Abbreviations: D = race Durango g = race guatemala, Ng = race Nueva granada, M = race Mesoamérica, P = race Peru.
Upon reaching the appropriate size, the seedlings were carefully removed and gently washed with deionized water to eliminate any peat that had remained on the roots. All the seedlings were selected to have hypocotyl lengths of between 1.5 and 2.0 cm so that they could be placed securely into a foam wedge by the stems without damaging the roots. The seedlings were placed in randomized complete block design into trays that are able to carry 24 seedlings each and transferred to hydroponic tanks that received continuous aeration and 20 L of a simple nutrient solution (5 mM CaCl 2 , 0.5 mM KCl, 8 µM B(OH) 3 , pH 5.5) for evaluating common bean genotypes under conditions of with and without Al toxicity, independently of other nutritional factors, as reported by Rangel et al. (2005) .
experimental design: Eight cultivation tanks were used for the control treatment (-Al) and eight for the Al treatment (+Al). To prevent pH shock, the seedlings were submitted to a period of adaptation. The pH in the growth solution was decreased by using 1N HCl as follows: for the first day a pH of 5.5 was established; on the second day at 8:00 h, pH was lowered to 5 and then at 15:00 h it was lowered to 4.5. On the third day, the nutrient solution was exchanged for a fresh solution with the same pH for the eight control tanks. The eight Al treatment tanks also received AlCl 3 . 6H 2 O to a final concentration of 20 µM in the 20 L solution as recommended for screening by Rangel et al., (2005) . For each genotype, the experiments were replicated 5 times per treatment over time.
physiological measurements and statistical analysis:
Measurements included the length (in mm) of the primary root at 0 hr (l i ) and at 48 hours (l f ) for each seedling of the experiment. To determine the elongation rate of the primary root (RER), the difference in length was calculated through the formula: RER = (l i -l f )/48 h After the treatment was over, all roots were collected, washed and scanned in TIF format, using an STD 1600 flatbed scanner (Seiko Epson Corporation, Japan) in gray scale to a resolution of 300 pixels per inch. The images were then analyzed, using WinRHIZO 2003b software (Regent Instruments, Inc., Quebec, Canada), to determine total root length (TRL) and average root diameter (ARD). Subsequently, roots were dried in an oven at 65°C for 48 h and then weighed on an analytical scale to calculate root biomass (RB). Finally, the specific root length (SRL) was calculated as the ratio TRL/ RB. For each variable that was directly obtained, a two-way analysis of variation was carried out, using SAS software (SAS Institute, 2000) . The Ryan-Einot-gabriel-Welsch (REgW) multiple-range test was used to estimate the threshold at which the Al treatment induced a statistically significant response in the genotypes. resUlts phenotypic evaluation of al resistance: The high throughput hydroponic system was effective at differentiating the level of Al resistance among the 36 common bean genotypes evaluated. Analyses of variance (ANOVA) revealed the degree of significance of each phenotypic characteristic evaluated in the greenhouse and whether genotype, treatment or genotype x treatment effects were significant (Table 2 ). Significant differences were observed for the genotypes for all variables, indicating that physiological response was different in each genotype. Significant differences were also observed in the response to the treatments (+Al and -Al) for all the variables, indicating that the presence of Al induced differential performance in common bean genotypes. Significant differences were also found for the genotype × treatment interaction for each of the variables, except for RB. F values were highest for the interaction in the case of RER but in all cases the F value of the genotype and treatment terms were higher than for the interaction indicating some stability in Al resistance. We discuss below each individual variable in turn. elongation rate of the primary root: For this variable, the source of variation for genotype was highly significant (P < 0.001); however, the Al treatment also had an important effect on root growth. As seen in Figure 1 , RER was related to the absence or presence of Al with the amount of root growth inhibition in mm per hour determined by drawing a vertical line from the genotype of interest to the discontinuous line which represented the null hypothesis (H 0 ) of no effect from the Al treatment. Thus, by comparing genotypes, we found that the Mesoamerican genotypes such as DOR364 and g4825 suffered a detrimental effect to their elongation rates, compared to the Andean genotypes such as CAL96 and FABES which experienced almost no inhibition. Hence, this type of analysis classified the genotypes according to their level of adaptation to Al and as a results we found that ICA Tundama, g5686, g19833 (a.k.a. Chaucha Chuga), AFR298 (a.k.a. ICA Quimbaya), SEQ1027, Bayo Mochica, and Bayo Florida, all Andean, were also resistant genotypes. Furthermore, the results on RER under the treatments with or without Al (Figure 1 ) allowed us to classify the genotypes according to differential response to Al, plant vigor, genepool source, and growth habits. We determined those genotypes that responded in a statistically significant way to the Al treatment based on the significant genotype x treatment effect. A multiple-range test was used to determine the threshold at which the treatment and control solutions induced statistically different responses. Hence, a first classification separated the genotypes according to their response to treatment, described in terms of whether they fell below or above the significance threshold (solid line, Figure 1 ). With this analysis, genotypes Bayo Mochica, SEQ1027, and ICA Quimbaya had higher elongation rates and did not show significant differences between the solutions. In contrast, genotypes CAL143, g21078 and Pinto Villa (Mesoamerican with Andean introgression) had high elongation rates but Al induced a significant response from them.
Conversely, genotypes DOR364, VAX3, VAX6, and BAT93 (all Mesoamerican) presented the lowest elongation rates for the two solutions, although Al did induce a statistically significant response. In contrast, genotypes BRB198 and g23823E (Andean), also presenting low elongation rates for both solutions, but did not respond statistically to the presence of Al. The second classification may distinguish genotypes according to their performance in the two nutritive solutions where the vigorous genotypes are those that have a greater possibility of generating a larger root exploration surface that also provided a greater area for absorbing water and minerals. The third classification could be described from top to bottom within Figure 1 total root length: Figure 2a shows the effect of Al treatment on the TRL of each genotype. Inhibition of root elongation is determined by the distance from the discontinuous line, showing how many centimeters of reduced elongation occur in the whole root system. Vigorous and nonvigorous genotypes for TRL can therefore be differentiated. As for RER, which measured elongation in the primary root, Andean genotypes (light circles) such as g23823E, IJR and AND277 were observed to present higher TRL values than the Mesoamerican genotypes (dark circles) such as BAT93, VAX6, and g2333 which had the shortest root lengths in both nutrient solutions (with or without Al). This result showed, yet again, differences between the two primary gene pools, and confirmed the Andean genotypes' better adaptation to Al stress, compared with the Mesoamerican genotypes. Multiple range test showed that the threshold (solid line) at which there was a differential response between the +Al and -Al treatments. average root diameter: The Al treatment was found to induce roots to swell causing an increase in ARD values ( Figure  2b ). Such swelling is a typical symptom of susceptibility and occurred principally in the Mesoamerican genotypes such as DOR364, g14519, and VAX6. Hence, susceptible genotypes appeared above the line representing the threshold for significance of treatment, as estimated by the REgW multiplerange test. In contrast, most Andean genotypes did not show significance for this physiological response of root swelling. This trait showed differences between the two primary gene pools as was observed for the previous trait. The highly resistant Andean genotype FABES had very thick roots in the control solution, nevertheless showed root swelling in the Al treatment. This finding gave rise to the questions of (1) whether this genotype is partly Mesoamerican, and (2) if this response is always required for Al resistance. The genotype with the most stability was determined to be AFR708 while the roots of g14519 swelled most significantly in response to Al. root biomass: Unlike elongation rates and total root lengths which were significantly reduced by Al, there was only a slight reduction of root biomass with the Al treatment compared to control (Figure 2c ). This trend may be a result of correlation with increased root diameters. Moreover, although the genotypes were distinct and Al induced different and statistically significant responses, the genotypes were not observed to respond differentially to the treatments. Hence, this trait is not informative for measuring levels of Al resistance, as it does not differentiate resistant genotypes from susceptible ones. However, Andean genotypes were observed to have larger root biomass in general compared to Mesoamerican genotypes. This provides evidence of differences in root vigor, which correlate with the two gene pools. specific root length: Specific root length (SRL) refers to the efficiency in the production of fine roots. It is measured in terms of the ratio between total root length and root biomass and indicates the length of roots produced per unit biomass of roots. Again, highly significant differences were observed among the genotypes, treatments, and genotype × treatment interactions (P < 0.001). Although Mesoamerican genotypes were the most efficient in producing fine roots (greater root length per gram of root biomass), they showed a statistically different response in the Al treatment, falling below the threshold where treatment induced a statistically different response according to the REgW multiple-range test (Figure 2d ). In contrast, although Andean genotypes were less efficient in producing fine roots, except for g23823E, they were less affected by Al, a characteristic that was markedly different between the two gene pools. This opens up the possibility of combining traits of interest in crosses among genotypes from different gene pools to generate progenies showing transgressive segregation with highly efficient root production and Al resistance, that can be advantageous for cultivar development. simple correlations for relative variables: Correlations between relative variables were found to be highly significant as shown in Table 3 . Correlations between the relative elongation rate of the primary root, total root length, and specific root length were directly proportional and highly significant. At the same time, they were highly but negatively correlated with average root diameter. This shows that allometric compensations are made among components of root morphology. 
DiscUssion
The grouping of genotypes in their reaction to Al stress corresponded largely to their classification by gene pool. In particular, within the Andean gene pool, we observed the existence of important sources of Al resistance, more evident in genotypes with type III and IV growth habits, but also in Andean genotypes of type I and II growth habits. In contrast, genotypes from the Mesoamerican gene pool were mostly sensitive to Al stress in the hydroponic system. These findings demonstrate existing genetic variability for response to Al toxicity in beans and, thus, the potential for plant breeders to select the most resistant genotypes.
Secondly, we found that genotypes varied in root biomass, length, average diameter and elongation rate of primary roots. These results are important because presumably genotypes that grew vigorously in the two solutions or have larger root systems, would have a greater ability to grow in acid soils with high Al saturation if field conditions are correlated with those we used in these experiments. Large root systems are known to have a greater capacity for absorbing water and minerals, as they are able to explore a larger rhizosphere (Lynch, 1995; Osmont et al., 2007) . In contrast, genotypes with low vigor in the two solutions would be less able to explore the soil, possess a consequently smaller area for absorbing water and minerals, a smaller capacity for growth, and increased sensitivity to Al in soil solution. Although, in nutrient solutions these absorption areas do not present an absolute limitation, they do indeed play a fundamental role in soils (Marschner, 1995) .
The Al resistance observed in this study could be due to various mechanisms which could be studied in more detail in the future. For example, variability for resistance to Al toxicity between common bean genotypes may partly be related to differences in the extension of the root elongation zone. Results from Rangel et al. (2007) showed that a resistant genotype such as ICA Quimbaya presents a larger elongation zone than does a susceptible genotype such as VAX1. This suggests that the dynamics of perceiving and responding to Al stress varies spatially (Cumming et al., 1992) . Furthermore, although observations on the effect of Al were made for seedlings in our study, the plant response to Al is also known to be dependent on timing of stress. For example, for genotypes ICA Quimbaya and VAX 1 the resistant and sensitive genotypes mentioned above, elongation patterns of the primary root during the first 4 h of Al treatment are the same. But, after this time, the two genotypes begin developing different elongation rates, depending on the genotype's level of resistance (Rangel et al., 2007) with clearly observable differences at 48 h as shown previously and in this study.
According to Rangel et al. (2007) , the accumulation of Al in root tips may be another feature of common bean response to Al toxicity. However, the degree of inhibition was not proportional to accumulation but, instead, to the sensitivity of the transition zone. In addition, the susceptible area in common beans unlike in maize extends beyond the transition zone and differences are found in as little as 24 h (Rangel et al., 2007) . This may be reflected in the elongation rates of the primary root and total root lengths as measured in our study with significant differences found for highly sensitive (e.g., VAX 1) and highly resistant (e.g., ICA Quimbaya) genotypes. Rangel et al. (2009) later demonstrated that inhibition is induced by apoplastic Al, and recovery in the resistant cultivar ICA Quimbaya is a result of reducing Al in the apoplast, enabling elongation and cellular division to resume (Rangel et al., 2009 ).
Another principal mechanism that has been correlated with resistance to Al toxicity is the exudation of organic acids. Resistant genotypes have been observed to exude more citrate than the sensitive genotypes with the degree of secretion dependent on the dosage of Al and on time (Shen et al., 2002a) . However, a differential response of resistance to Al and exudation of citrate exists among different types of roots and common bean genotypes and is related to phosphorus deficiency and genepool origin. Shen et al. (2002b) found that large-seeded Andean beans such as g19833 and g19839 produced greater amounts of citrate, tartrate and acetate than small seeded Mesoamerican genotypes such as DOR364 and g21212 under low phosphorus conditions. The genepool differences observed by these previous studies confirm our results where Andean beans outperformed Mesoamerican beans in adaptation to the Al stress condition imposed in the study. In mechanistic terms, differences in organic acid secretion have also been attributed to differences in surface areas of the primary and basal root tips, and also to the number and activity of ionic channels (Shen et al., 2004) .
Meanwhile, López-Marín et al. (2009) found that the inheritance of Al resistance in the cross of DOR364 x g19833 in the hydroponic system was related to QTL for low phosphorus (P) stress tolerance in the field, suggesting the utility of this screening technique for field productivity under Al toxicity and P deficiency. In the future, we plan to study organic acid exudation in a wider range of Andean genotypes to complement the study of Shen et al. (2002b) where g19833 and g19839 produced the high amounts of citrate, to determine if this is an important mechanism of Al resistance in a wide range of common bean genotypes. We also plan to test field performance in terms of seed yield under Al-toxic soil conditions, although this is complicated by the differential adaptation of Andean and Mesoamerican bean genotypes to sites with Al toxicity. Initial screening at low P sites showed the adaptation of Al resistant genotypes used in this study which may indicate that the release of organic acids is important for both P uptake and Al resistance.
In conclusion, the results of this study are promising, because they confirm that the high throughput phenotyping system enabled observations of differences in response to Al treatment among different common bean genotypes and that the Andean genepool is a source of Al resistance. The parameters evaluated are useful as they differentiated resistance to Al toxicity within the Andean and Mesoamerican gene pools. As a result, except for root biomass, the other four root parameters are useful for selecting resistant genotypes, with the RER being the most informative. The methodology implemented for selecting resistant genotypes could also be useful in programs to improve commercial beans.
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